In mammals, the carotid bodies, located near the carotid artery bifurcations, and brainstem catecholaminergic neurons detect changes in partial O 2 pressure (PO 2 ) in arterial blood 2, 3 . With regard to the mechanisms underlying O 2 -sensing in the carotid bodies, it is known that BK Ca , TASK and K v K + channels are involved in arterial O 2 sensing 2,4 . Hypoxia inhibits K + channels through several mechanisms such as carbon monoxide production by hemeoxygenase and depletion of intracellular ATP to depolarize glomus cells, leading to the activation of voltage-dependent Ca 2+ channels, exocytosis and the excitation of carotid sinus nerves, while hyperoxia reduces depolarization and inhibits exocytosis 2, 4 . Sensory and vagal afferent neurons, which project nerve endings throughout the body, have been also proposed to detect hypoxia in organs such as the airway, lungs and heart under ischemia and other conditions of low O 2 supply [5] [6] [7][8] . Hypoxia detection by sensory and vagal neurons remains elusive 8 . In terms of hyperoxia, Caenorhabditis elegans has been reported to exhibit a strong avoidance of hyperoxia through detection by sensory neurons 9 . Furthermore, insects breathe discontinuously to avoid O 2 toxicity in hyperoxia 10 . However, compared to invertebrates, physiological relevance of hyperoxia sensing through sensory systems is less established in vertebrates including mammals. Therefore, it is extremely 5 important to seek hyperoxia-sensing molecular processes in vertebrate sensory systems.
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. Single-channel currents were enhanced also by hyperoxic solution applied from the extracellular side of cell-free excised outside-out patches ( Supplementary Fig. 3e,f) . Thus, TRPA1 is unique in having a prominent susceptibility to Cys oxidation, such that it is directly activated by the weak oxidant O 2 to function as a hyperoxia sensor.
In inside-out patches, single-channel currents induced by hyperoxia of a relatively short period (2 min) were maintained after readministration of normoxia, but were reversed by the reduced form of intracellular antioxidant glutathione and DTT ( Fig. 2f and Supplementary Fig. 3g ).
This is consistent with the reversal of hyperoxia-induced single-channel currents by normoxia in cell-attached patches, which maintains intact cellular configuration ( Supplementary  Fig.  3h ,i).
5-nitro-2-PDS-induced single-channel currents were suppressed by DTT but not by glutathione ( Fig. 2g and Supplementary Fig. 3j ). Thus, glutathione-sensitive oxidation of Cys residues is likely to be involved in TRPA1 activation by hyperoxia.
TRPA1 channel responses showed a characteristic time course: the initial gradually rising phase and the second rapidly rising phase ( Fig. 2a and Supplementary   Fig. 4) . In whole-cell patches, the second phase was followed by a gradual decrease unlike in other measurement methods. This may be due to intracellular dialysis of the ] i measurements and cell-attached mode.
Cys residues responsible for hyperoxia sensing of TRPA1
We individually mutated 29 Cys residues in human TRPA1 to serines and tested the responsiveness of these mutant clones. Compared to wild-type (WT), mutants C173S, C192S, C414S, C421S, C633S, C641S, C665S, C786S, C834S and C856S showed significantly suppressed responses to hyperoxia, as well as to diallyl disulfide (10 μM)
having a redox potential similar to O 2 ( Supplementary Fig. 5a,b) . C414S, C421S, C786S and C834S likely have deleterious effects on channel function, because they significantly suppressed responses to 100 μM 2-aminoethyl diphenylborinate (2-APB)
( Supplementary Fig. 5c ), which activates TRPA1 independently of Cys modification 18 .
The mutants with impaired responses to hyperoxia were further assessed by the patch clamp method at fixed membrane potentials and under a defined and optimized intracellular composition, using pipette solution containing polytriphosphate (10 mM)
and Ca 2+ (30 nM), which sensitizes activity and prevents inactivation, respectively, of TRPA1 (refs. 26, 31) . Other than those non-functional mutants, C633S, C856S and the double mutant C633S·C856S showed severely suppressed hyperoxia-induced currents, suggesting that Cys633 and Cys856 are main target sites of O 2 in hyperoxia ( Fig. 2h and Supplementary Fig. 5a,d ). These mutants required stronger reactive disulfides such as 5-nitro-2-PDS and 4-nitrophenyl disulfide at higher concentrations for full activation compared to WT ( Supplementary Fig. 5e-h ). TRPA1 responses to the membrane-impermeable reactive disulfide 5,5'-dithiobis(2-nitrobenzoic acid) (DTNB)
were induced only in the presence of a detergent F-127, and were suppressed significantly by C633S and C856S mutations ( Supplementary Fig. 6a,b) , supporting the cytoplasmic disposition of Cys633 and Cys856. Incorporation of DTNB-2Bio, the DTNB derivative with two biotin groups attached for detection 14 , into green fluorescent protein-tagged TRPA1 (GFP-TRPA1) was abolished by C633S but not by C856S ( Fig.   2i and Supplementary Fig. 6c) . Notably, cotransfection of WT with the C633S·C856S construct at the same amount nearly abolished hyperoxia-induced but enhanced 2-APB-induced responses ( Supplementary Fig. 7) , raising a possibility that all four TRPA1 subunit proteins of tetrameric channel complexes 11, 12 have to carry oxidizable Cys633 and/or Cys856 in responding to hyperoxia. These findings suggest that the free sulfhydryls of Cys633 and Cys856 act as nucleophiles to directly attack electrophiles such as O 2 and reactive disulfides, and this oxidative modification is maintained for Cys633 in TRPA1 activation (Fig. 1b) .
Our single-channel recording in cell-excised membrane patches suggests a role of glutathione in regulation of TRPA1 activation by hyperoxia ( Fig. 2f and Supplementary Fig. 3g ). In fact, glutathionylation of TRPA1 detected in normoxia was augmented in hyperoxia after 5 min, but became undetectable after 20 min (Supplementary Fig. 8a ). C633S·C856S disrupted glutathionylation, implying changes in oxidative modifications at Cys633 and Cys856 during hyperoxia in terms of glutathione sensitivity. Interestingly, when glutathione was perfused via patch pipette solution, hyperoxia-induced whole-cell currents were nearly abolished for those Cys mutants, which showed impaired responses to hyperoxia in [Ca 2+ ] i measurements but intact responses to 2-APB (Supplementary Fig. 8b ; compare to 
Central roles of PHDs in hypoxia sensing of TRPA1
Strikingly, Cys oxidation is not the only mechanism that underlies O 2 sensing in TRPA1 channels. Indeed, hypoxic solutions prepared by bubbling with N 2 gas induced robust TRPA1 responses; TRPA1 activation showed an inverted bell-shaped O 2 -dependency curve with a minimum at the PO 2 of 137 mmHg (18%), which is slightly below the atmospheric PO 2 of 152 mmHg (20%) (Fig. 3a,b) , regardless of the presence of bicarbonate/CO 2 ( Supplementary Fig. 9a ). Fig.   9c,d ). Other redox-sensitive TRPs failed to response to hypoxia, except for TRPM7 causing marginal responses 16 ( Fig. 3a) . Hypoxia dramatically increased whole cell TRPA1 currents inhibited by AP-18 ( Fig. 3c-e and Supplementary Fig. 9e,f) .
Hypoxia-activated TRPA1 currents showed E rev characteristic of nonselective cation channels (E rev = 1.7 ± 0.6 mV (n = 34)). Single-channel currents were not enhanced by hypoxic solution in excised inside-out patches ( Supplementary Fig. 9g,h ), suggesting intracellular components required for TRPA1 activation in hypoxia.
The PHD family is comprised of subtypes PHD1, PHD2 and PHD3, which are central to hypoxia-sensing pathways leading to hypoxia inducible factor-1α (HIF-1α) concentration result in decreased levels of protein hydroxylation by PHDs.
Interestingly, alignment of the consensus sequences for the prolyl hydroxylation motif 32,33 with the amino-acid sequence of TRPA1 revealed conservation for flanking amino acid residues of Pro394 in the N-terminal cytoplasmic ankyrin repeat of TRPA1 (Fig. 4a) . When PHD2, the ubiquitous PHD isoform 32,33 , was coincubated with the TRPA1(386-405) peptide substrate which includes the motif, mass spectrometry analysis of the resultant peptide product showed a mass increase of 16 daltons, consistent with hydroxylation of Pro residues (Fig. 4b) . This was undetectable in TRPA1(386-405) incubated with a pan-hydroxylase inhibitor dimethyloxalylglycine (DMOG), TRPA1(386-405)P394A carrying alanine substitution for Pro394, and TRPA1(983-1002) ( Fig. 4b and Supplementary Fig. 10a,b) . Prolyl hydroxylation detected using antibody against a synthetic TRPA1 subfragment carrying hydroxylated Pro394 was suppressed by DMOG, hypoxia and the P394A mutation ( Fig. 4c and 
Supplementary
Fig. 10c,d).
Furthermore, GFP-TRPA1 showed coimmunoprecipitation with PHD1-3-Flag, which was reduced in GFP-P394A ( Fig. 4d and Supplementary Fig. 10e ). Interaction between native PHD2 and TRPA1 proteins was confirmed by coimmunoprecipitation using mouse dorsal root ganglia (DRG) cell extract ( Fig. 4e and Supplementary Fig. 11 ).
Recombinant TRPA1 channels were activated by inhibition of endogenous PHDs by DMOG in HEK cells (Fig. 5a,b and Supplementary Fig. 12 ). This DMOG-induced TRPA1 activity was suppressed by intracellular application of purified PHD2 through patch pipette solution ( Fig. 5b-d) , suggesting that an increase of absolute quantity of PHD2 free from DMOG inhibition inhibits TRPA1.
Overexpresion of PHD2 suppressed TRPA1 responses to mild hypoxia with PO 2 at 14%
( Supplementary Fig. 13 ). Furthermore, overexpression of catalytically dead mutants for PHD1 (PHD1-Mut), PHD2 (PHD2-Mut) and PHD3 (PHD3-Mut), which showed coimmunoprecipitation with GFP-TRPA1, elevated basal [Ca 2+ ] i indicative of constitutive TRPA1 activation, and abolished TRPA1 responses to hypoxia and DMOG (Fig. 5e,f and Supplementary Fig. 14a-d) . By contrast, PHD-Muts failed to affect TRPA1 responses to both allyl isothiocyanate (AITC) and hyperoxia ( Supplementary   Fig. 14e,f) . Cotransfection of siRNAs for PHD1-3 abrogated TRPA1 responses to hypoxia but not to hyperoxia ( Fig. 5g and Supplementary Fig. 15 ). P394A showed significantly elevated basal activity, and abrogated responses to hypoxia and DMOG but not to AITC and hyperoxia ( Fig. 5h and Supplementary Fig. 16 ). These results suggest that hydroxylation of Pro394 by PHDs inhibits TRPA1 channels in normoxia, while a decrease in O 2 concentration diminishes PHD activity, to relieve TRPA1 from inhibition, leading to channel activation in hypoxia.
On the other hand, hyperoxia-induced TRPA1 activation was observed even in the presence of excess intracellular PHD2 applied through patch pipette solution ( Supplementary Fig. 17a-d) . Single channel behavior of WT TRPA1 and the P394A mutant in hypoxia was compared with that in hyperoxia or normoxia using cell-attached patch clamp method ( Supplementary Fig. 17e,f Fig. 17g ). Therefore, it is quite conceivable that direct O 2 action overrides the PHD-mediated inhibition via prominent sensitivity of TRPA1 to Cys-mediated oxidation in hyperoxia.
Protein translocation has been reported to regulate activation of TRP channels, including TRPA1 (refs. 34,35). GFP-TRPA1 showed discontinuous overlaps with the plasmamembrane marker DsRed-monomer-F in confocal laser microscopy ( Supplementary Fig. 18a ). Evanescent wave microscopy, which illuminates only the subcellular area from the surface of the cell to a depth of less than 100 nm by total internal reflection fluorescence (TIRF), revealed instantaneous augmentation of GFP-TRPA1 near the cell surface upon hypoxia (Fig. 5i,j and Supplementary Fig.   18b ). Chlorpromazine (CPZ) or dynasore, which are inhibitors for clathrin-dependent endocytosis, and brefeldin A, the inhibitor for ER-Golgi-dependent exocytotic protein translocation, revealed GFP-TRPA1 insertion and internalization, respectively, in the plasmamembrane ( Fig. 5k and Supplementary Fig. 18c-e) .
The observed internalization and insertion of GFP-TRPA1 were unaffected by hypoxia. In this protocol, GFP-TRPA1 is most likely in a hydroxylated form in the plasmamembrane after inhibition of insertion by brefeldin A. Interestingly, DMOG enhanced plasmamembrane localization of GFP-TRPA1 (Supplementary Fig. 18f ). The data suggests that internalization of TRPA1 with unmodified Pro394 is subjected to deceleration in hypoxia, because insertion was unaffected in hypoxia ( Fig. 5k and Supplementary Fig. 18d,e) . Filipin, the inhibitor of caveolae-mediated endocytosis, failed to affect localization levels of GFP-TRPA1 in the plasmamembrane (Supplementary Fig. 18g ).
Cell surface labeling experiments support these microscopy data (Supplementary Fig. 18h,i) . In [Ca 2+ ] i measurements, brefeldin A suppressed TRPA1 responses to hypoxia, while CPZ and dynasore but not filipin induced TRPA1 responses in normoxia (Fig. 5l,m and Supplementary Fig. 18j-m) .
Thus, turnover of TRPA1 proteins in the plasmamembrane is actively maintained to regulate TRPA1 activity in normoxia and hypoxia, suggesting that insertion of unmodified TRPA1 and internalization of hydroxylated TRPA1 underlie the relief of TRPA1 channel activity from PHD-mediated inhibition.
TRPA1 responses were sustained after induced conditions of hypoxia (10% O 2 for 19 min) when switched back to normoxia (20% O 2 ) (Supplementary Fig. 19a ). NAC or DTT but not L-NAME reversed the TRPA1 response during readministration of normoxia. Hypoxia-induced TRPA1 responses were also reversed in normoxia after hypoxia for a shorter time period (5 min) or after mild hypoxia at a higher O 2 concentration (14%) (Supplementary Fig. 19b,c) . The observed reversibility was unaffected by NAC, DTT or L-NAME. Washout of DMOG partially reversed TRPA1 responses ( Supplementary Fig. 19d ), indicating that restoration of PHD activity inhibits TRPA1. Thus, time length and degree of preceding hypoxia and ROS are critical to induce irreversibility of TRPA1 activation in normoxia.
Receptor stimulation via phospholipase C (PLC) activates TRPA1 (ref. 36).
However, PLC inhibitor edelfosine (ET) failed to affect responses of TRPA1 to hypoxia and hyperoxia ( Supplementary Fig. 20a,b) , suggesting that PLC activity is not required for O 2 -mediated activation of TRPA1. Activation of TRPA1 through receptor stimulation by bradykinin at low concentrations (1−100 nM) was significantly enhanced by hypoxia (Supplementary Fig. 20c ). P394A showed bradykinin-induced responses similar to those observed in hypoxia ( Supplementary Fig. 20c,d ), suggesting that prolyl hydroxylation is not necessary for activation of TRPA1 via PLC-mediated receptor signaling pathways. Thus, PHD and PLC-mediated receptor signaling pathways may operate independently, but can act synergistically to better adapt TRPA1 activation by humoral factor agonists to hypoxia.
Hyperoxia and hypoxia excite peripheral nerves via TRPA1
As polymodal receptors for noxious stimuli at nerve endings in sensory and vagal afferent neurons 21, 26 , TRPA1 senses endogenous algesic substances and environmental irritants 17, 21, 24, 27 . Notably, TRPA1 protein was identified by immunohistochemistry in a subset of nodose ganglion neurons projecting to the lung and airway in mice 27 ( Supplementary Fig. 21a ). We tested whether TRPA1 detects changes in O 2 availability in the mouse nodose ganglion ( Fig. 6a-h ), in which cell bodies of vagal nerves are located and PHDs are abundantly expressed ( Supplementary Fig. 21b ). Hyperoxia-and hypoxia-induced currents showed E rev characteristic of nonselective cation channels (hyperoxia; E rev = 0.9 ± 1.0 mV (n = 31), hypoxia; E rev = -0.8 ± 1.3 mV (n = 15)). Ca 2+ responses and ionic currents induced by hyperoxia and hypoxia were substantially blocked by AP-18 in nodose neurons ( Supplementary Fig. 21c-h ).
Robust [Ca
largely unresponsive to hyperoxia and hypoxia, but they retained responsiveness to capsaicin and 60 mM KCl ( Fig. 6a-h ). In Trpa1 KO mice, it is interesting to note that statistically significant impairments were observed for responses to hypoxia (10, 13 and 15% O 2 ) when capsaicin-sensitive nodose neurons were selected for analyses, but only for responses to relative mild hypoxia (15% O 2 ) when all nodose neurons were subjected to analyses ( Supplementary Fig. 21i,j within the physiological range at sea level ( Supplementary Fig. 22i ). These results suggest that hyperoxia and hypoxia activate native TRPA1 channels in mouse vagal neurons and sensory neurons.
To establish the role of PHDs in activation of native TRPA1 by hypoxia, we employed siRNA strategy for PHD1-3 and Phd KO mice. Abundance of expression was PHD2 > PHD1 > PHD3 in DRG and nodose neurons ( Supplementary Fig. 23a ).
Antibody to TRPA1 hydroxylated at Pro394 revealed immunostaining localized near the plasmamembrane compared to the total population of TRPA1 proteins in DRG neurons ( Supplementary Fig. 23b ). Fig. 5a ,b,f-h). For sensing α,β-unsaturated carbonyls, multiple but different Cys residues have been identified [18] [19] [20] . The difference is attributable to different stability of immediate reaction products: O 2 may lead to disulfide bond formation via an unstable oxidized product (Fig. 8) , while α,β-unsaturated carbonyls
give stable Michael addition adducts.
Reversibility of TRPA1 activation in normoxia depends on time and degree of preceding hyperoxia ( Supplemetary Fig. 1 ). It is known that hypoxia is involved in some pathophysiological reactions such as nociceptive pain in sensory neurons 7, 8, 48 . For example, chest pain occurs when the heart is exposed to hypoxia because of coronary artery blockade, disease or inhalation of hypoxic gas, while surgical dissection of cardiac sensory neurons relieves angina 48 .
We find that hypoxia potently excites DRG neurons in a TRPA1-dependent manner ( Fig.   6i and Supplementary Fig. 22 
Electrophysiology. Currents from cells were recorded at room temperature (22-25°C)
using patch-clamp techniques. Ramp pulses were applied every 5 or 10 sec from -100 mV to +100 mV or from +100 mV to -100 mV at a speed of 1.1 mV ms -1 from a V h of 0 mV. For the conventional whole-cell recordings, the external solution contained (in mM) 100 NaCl, 2 Ca-gluconate and 10 HEPES (pH 7.4 adjusted with NaOH, and osmolality adjusted to 320 mmol kg -1 with D-mannitol 
